Reflection phase properties of reflect array antenna design in the X-band frequency range has been addressed in this work. An analytical model for obtaining the required reflection phase from individual reflect array elements to form a planar wave in front of the periodic aperture has been presented. A unit cell patch element representing an infinite reflect array modeled based on FEM using the waveguide simulator demonstrated that there is no significant influence on the scattering parameters of reflect array resonant elements until the angle of incidence is increased up to 40 degrees. A Figure of Merit (FoM) has been defined for the comparison of the reflection phase curves of reflect arrays modeled with different dielectric substrates and the results are compared in terms of bandwidth performance and static linear phase range. Furthermore reflect array unit cell patch elements have been fabricated in X-band frequency range using different he practical validation of the waveguide scattering parameter measurements of unit cell reflect array elements. The measured results demonstrated an improvement in FoM and reflect array bandwidth performance with an increase in substrate thickness.
Introduction
Reflect array antenna consists of an array of micro strip patches on the grounded dielectric substrate and is illuminated by a primary feed horn which is placed at a particular distance from the array [1] . The individual elements of the array are designed to scatter the incident field with proper phase distribution required to form a planar phase surface in front of the aperture of the reflect array antenna [2] . Due to low cost, compact size and easy deploy ability, reflect arrays are considered as one of the suitable choice for space applications such as deep space exploration and earth remote sensing. However with many advantages of reflect array the major shortcoming occurs when the bandwidth performance is compared with the parabolic reflector [3] [4] [5] . Its bandwidth does not exceed much beyond 10% depending on its element design, aperture size and focal length [1] . The constricted bandwidth is largely attributed to the narrow bandwidth of patch elements, the differential spatial phase delay due to extended path length between the feed and the reflect array and the phase errors related to the change in patch size [6] . The feed antenna bandwidth and array element spacing also limits the bandwidth of reflect arrays but these two factors are not serious concerns if the bandwidth requirement is less than 15% [7] .
One of the important parameters in the characterization of reflect array antenna design with enhanced bandwidth is the reflection phase performance. This work provides detailed numerical investigations in order to obtain the reflection phase curves and compare the performance of reflect array antenna designed with different dielectric materials. The theoretical work has also been validated with the measurements done for the reflect array unit cells designed using different substrate thicknesses. Moreover the measured results are compared with the results obtained by other analysis techniques based on Finite Element Method (FEM) and Finite Integral Method (FIM) used by Ansoft HFSS and CST Microwave Studio respectively.
Analytical Modeling
In the absence of a microstrip patch element, the resulting electric field will be the sum of incident and the field reflected from the grounded dielectric slab [4] .
Where, tot E is the total electric field vector, inc E is the incident electric field and ref E is the electric field vector for ground plane reflection. But in the presence of the patch element, the resulting field induces a current on the surface of the perfectly conducting patch element and the surface current density s J causes radiation in the presence of grounded dielectric slab to produce scattered electric fields in the dielectric substrate and the air region. Hence the total electric field is given by:
Where, scat E is the vector for the electric field scattered by the patch elements. As the surface current J s on the conducting patch is varied by applying one of the phasing techniques mentioned above, the scattered electric field varies and produces a change in the reflection phase of a reflect array. In order to measure the scattering parameters of a linear polarized wave normally incident on the patch element of an infinite reflect array, it has to be assured that minimum mutual coupling between the adjacent elements takes place. The infinite array has been represented by a unit cell patch element using the waveguide simulator technique as shown in Fig. 1 . To avoid the grating lobes, the inter-element spacing can be determined by the following conventional array equation.
sin d (3)
Where, d is the distance between two adjacent elements is the operational wavelength and is the angle of the incident wave.
The mutual coupling can also occur if the incident angle goes up to 40° [5] and the value of the reflection loss and resonant frequency deviates significantly from that of normal incident. Fig. 2 shows the effect of varying the incident angle on the reflection loss and resonant frequency of a reflect array designed at 10 GHz using commercially available computer model of Ansoft HFSS.
It can be observed from Fig. 2 that the reflection loss and resonance frequency of an infinite reflectarray remains almost constant until the incident angle is increased up to 40° showing the appearance of grating lobes and surface waves. General relation for the calculation of total electric field in the plane of a microstrip radiator for a waveguide simulator technique shown in Fig. 1 can be derived from equation (1) and equation (2) and is given by the following relation [6] .
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Where, l is the length of the unit cell patch element and J y can be given by:
Where A n J y is known, the current on the surface of the patch element can be found out by taking the surface integral of current density as .
I
J ds (7) For the calculation of the required reflection phase in order to convert the spherical wave radiated by the feed horn into a planar wave, consider the basic geometry of reflect array shown in Fig. 3 . It can be observed from Fig. 3 reflection phase from the individual patch of an array is changing in order to form a planar phase wave in front of aperture. Where, d p is the port distance and die is the distance between two consecutive elements while k r and k l are angle in degrees for the patch elements on right and left of the central patch and gives the phase range of the curve and are related with the material properties of substrate used for reflect array design.
Analytical Results and Discussions
The above equations are used to find out the reflection phase curves for the reflect array designed with different dielectric substrates as shown in Fig. 4 . Different materials have been chosen for the reflection phase analysis based on the variety of dielectric permittivity ( r ) and loss tangent ( ) values. The reflection phases are characterized using the slopes of the phase curve and linear static phase range ( s ) being depicted in Table I . It can be observed from Table I that the static linear phase range increases with the increase in dielectric permittivity because increasing the permittivity causes the reflection phase curve to get steeper. On the other hand, it can also be observed that materials with lower permittivity values have gentler phase curves. This indicates that Teflon has maximum bandwidth because of lowest slope of the phase curve but the linear static phase. Fig. 4 , is much lesser as compared to Gallium Arsenide. Therefore a reflect array designed using lower dielectric permittivity value gives an enhanced bandwidth but at a price of increased phase errors.
Measurements Setup
For the scattering parameters measurements, Rogers RT/Duroid with different thicknesses is used to design two identical patch elements reflect array. Two patches are used in order to include the effects of mutual coupling between the patch elements. The geometry of the designed reflect arrays is shown in Fig. 5 . The dimensions of the substrate are kept constant for all designs at L 0 x W 0 -element, shown in Fig. 5 vary with the dielectric substrate used for reflect array design. A summary of the dimensions for different substrate thickness of Rogers Rt/Duroid 5880 for two patch element reflect array is shown in Table II . The Reflection loss and reflection phase of the designed samples are measured using Agilent vector network analyzer. An X-band waveguide is designed for the measurement of scattering parameters and is connected to the vector network analyzer using an Agilent coax to waveguide adapter as shown in Fig. 6 . The two patch element reflectarray is fixed in the other aperture of the waveguide (Fig. 6 c) .
Measured Results and Discussion
The procedure described in Fig. 6 is used to measure the scattering parameter of the fabricated sample and the results are compared with the simulated results obtained by CST MWS and Ansoft HFSS. Fig. 7 shows the simulated and measured reflection phase curves for 0.127mm thick substrate. It can be observed from Fig. 7 that the curves are almost overlapping which shows the validity of the measured results. The slope of the reflection phase curve is very high because the substrate used for the reflect array design is very thin which offers a very high reflection loss and a narrow bandwidth. Fig. 8 shows the simulated and measured reflection phase curves for 0.381mm thick substrate. It can be observed from Fig. 8 that the slope of the measured reflection phase curve is higher as compared to the simulated phase curves. The reason for this difference is the discrepancy in the measured and simulated reflection losses which is caused by the material properties and losses due to connectors during measurements. Fig. 9 shows the comparison of measured and simulated reflection phase plots of the rectangular reflectarray elements constructed on 0.508mm thick substrate. A close agreement can be observed between the two curves. Furthermore it can be observed that the simulated and measured reflection phase curves of 0.508mm thick substrate show lesser slope as compared to the curves of 0.127mm and 0.381mm thick substrates.
In order to compare the reflection phase performance of reflect array unit cells designed with different thickness, a figure of merit (FoM) as defined in [7] has been used. FoM is the ratio of the change in reflection phase to the change in the frequency and it can be expressed as.
Where is the change in the reflection phase in degrees and is the change in the resonant frequency in MHz of the reflect array antenna and FoM is calculated here in °/MHz. Table III As depicted in Table III , the unit cells designed with 0.127mm thick substrate is shown to offer a higher FoM of 0.32°/MHz as compared to FoM of 0.29°/MHz shown by 0.508 mm thick reflectarray unit cell. These results can be related to the fact that increasing the substrate thickness has the same effect as decreasing the dielectric permittivity of the material. Therefore thicker substrates provide lower FoM and hence phase errors reduce. However it can also be observed from Table  III that the thicker substrate (0.508mm) provides a lower value of linear static phase range which depicts degradation in bandwidth of reflect array antenna.
Conclusion
A technique for the measurement of the required reflection phase from the individual element of a reflect array to form a planar wave in front of aperture is presented. The independence of the scattering parameters from the angle of incident below a certain value for an infinite reflect array, designed using waveguide simulator technique has been demonstrated based on FEM analysis. The technique for the scattering parameter measurements of infinite reflect arrays has been 
